Abstract. From landslide mapping it is known that the frequency of landslide occurence as a function of their magnitude can be described by a power law in many regions. In order to investigate the magnitude distribution of landslides from a theoretical point of view, we present a physically based landslide model combining aspects of slope stability and mass movement. If the long term driving processes (fluvial or tectonic) are integrated, the model shows self-organized criticality (SOC). The results coincide with results obtained from landslide mapping, so that our model suggests that landsliding may be seen as a SOC process. In contrast to other models showing SOC that are mostly based on cellular automata, our model is based on partial differential equations. The results show that SOC is not a fashion of cellular automata, but can also occur in differential equation models.
Introduction
In the last years, the 'fractal character' of landslides has been investigated in laboratory experiments [Somfai et al., 1994] and by mapping of natural landslides [Fuyii, 1969; Sugai et al., 1994; Yokoi et al., 1995; Goltz, 1996; Hovius et al., 1997] . The main result of these studies is that the frequency of landslide occurence as a function of their magnitude (i. e., the affected area) can be described by a power law in many regions.
The occurence of these power law distributions, also called fractal or scale-invariant distributions, suggests that SOC may play an important part in landform evolution, at least if it is dominated by landsliding. The concept of SOC was introduced first by Bak et al. [1987 Bak et al. [ ,1988 ; it has been applied to phenomena in physics, biology, economics, and geosciences [Bak, 1996] . A system exhibits SOC behaviour if it (a) tends to move into a quasi stationary state (critical state), where (b) the distribution of event sizes (e. g., the affected area) is scale invariant, and where (c) the temporal behaviour is a 1 f (pink, flicker) noise. Despite the success of the SOC concept, it has not been fully established in landform evolution theory yet. Because time scales are long, field data do not reveal sufficient temporal data, so that the fractal distribution (b) often is the only aspect considered. Sapozhnikov and Foufoula-Georgiou [1996] criticize the same point in current landform models; e. g., in the erosion models of Takayasu and Inaoka [1992] and Rinaldo et al. [1993] the occurence of fractal structures can be seen as a first hint at SOC, but none of the model states can be considered as critical in the sense of SOC, so that the criteria (a) and (c) are not fulfilled.
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In order to investigate a phenomenon with respect to SOC, a model must be suitable for simulations over long periods where thousands of events occur. In the special case of landslides, aspects of slope stability [Brunsden and Prior, 1984; Craig, 1992] and granular flow (debris flow) [Iverson, 1997; Jan and Shen, 1997] have to be combined. Thus, the approach should be quite simple compared with models dealing with one aspect in detail.
Moreover, landsliding is a dissipative phenomenon because the material moves downslope -except for the runout of fast debris flows. Thus, a quasi stationary state (a) that is necessary for SOC can never be reached if landsliding is the only process considered. Hence the long term driving forces, e. g., fluvial processes like the downcutting of a river at the slope foot or tectonic uplift have to be regarded, too.
The model
It is well known that slope stability does not only depend on slope gradient; beside the surface height H(x1, x2, t) we need at least one additional space and time dependent variable describing the mechanical state of the soil. We characterize the mechanical state of the soil in a simple way assuming that the soil consists of two layers: a lower one that is tight and an upper one that is able to flow if appropriate driving forces (slope gradient) apply. A similar approach was developed by Bouchaud et al. [1995] for modeling sandpile dynamics; they introduced a density of rolling grains as a second variable beside the surface height. Let κ(x1, x2, t) be the thickness of the upper, movable layer. Instability may be induced by a large slope gradient or by a large amount of movable material [Hutchinson and Bhandari, 1971] . The simplest criterion regarding both, is that instability occurs if the product κ| ∇H| exceeds a given threshold β. In this case, we assume a linear flow behaviour directed downslope, although it is known that the real behaviour of debris flow may be more complicated [Iverson, 1997; Jan and Shen, 1997] . Thus, the flow density is:
The parameter α can be interpreted as the flow velocity of a thick layer (κ β) on a slope of 100 % inclination. Inserting this expression into the equation of continuity (mass conservation) yields a partial differential equation for the surface height:
The following, second equation shall describe how the soil properties change, i. e., how the boundary H − κ between tight and flowable soil moves. First, the effects of infiltration of water and subsurface flow on slope stability have to be regarded; but they are quite complicated and require at least one additional (hydrological) equation. Instead, we summarize these using a random impact r(x1, x2, t) that increases the amount of movable material. Describing the growth of layer thickness, r has the dimension length per time. Due to the episodic behaviour of rainfall events and the inhomogeneous distribution of hydraulic conductivity and fissures, r varies temporally and spatially. The opposite process -stabilization by drying -is assumed to be linear with a characteristic time τ . Hence the amount of movable material decays exponentially if there is no impact. Moreover, it is well known that moving material may damage tight soil, so that the amount of sliding mass may increase downslope. In order to regard this, we assume that a part of the energy dissipated by the flow makes material movable; it can be shown that the energy dissipation is proportional to − j · ∇H.
Summarizing these three effects, we obtain the second differential equation:
The parameter γ with the dimension of an inverse length quantifies the effect of the energy dissipation. The coupled system with the variables H and κ is solved numerically using a finite volume method with an implicit time discretization and a fixed point iteration scheme. In the first half step of each iteration cycle, a new approximation to κ is calculated by solving the difference of the equations (2) and (3) using a simple method of characteristic curves (Enquist-Osher scheme) [Kröner, 1997] . In the second half step a new approximation to H is calculated by inserting the surface H from the last cycle into the right hand side of equation (2). For the reason that the convergence rate of the iteration decreases significantly during large landslide events, the algorithm requires an adaptive time step variation.
Results
As already stated in the introduction, a dissipative phenomenon like landsliding alone can never show SOC behaviour. Thus, driving forces (fluvial or tectonic) have to be regarded, too. In the example shown here, we consider the evolution of a slope, driven by the downcutting of a river at the slope foot. The downcutting itself is not modeled, but parametrized by a time dependent Dirichlet boundary condition with a uniformly decreasing boundary value for the surface height. The other boundary conditions are illustrated in Fig. 1 .
In the numerical example shown here, the parameter values are: α = 100 m/yr, β = 1 m, γ = 0.1 m −1 , and τ = 1 yr; the downcutting rate is 1 cm/yr.
The random impact r(x1, x2, t) is assumed to be constant over periods of one year. For each year, a random value r0 is determined from an exponentially decreasing distribution with an average of 0.5 m/yr. In a second step, r(x1, x2, t) is calculated for every cell consisting of 2 × 2 nodes (16 × 16 m 2 ) by applying a small, uniformly distributed random variation of maximal ±10 % to r0. The average value can be interpreted in terms of recurrence of 'wet' years; solving equation (3) in the stable case (third term vanishes) shows that a 'wet' year that destabilizes a slope of 100 % inclination occurs every 13 years in the mean. A slope of 50 % inclination is destabilized once in 300 years.
The influence of the parameters and their further identification with climatic conditions and mechanical properties will be discussed in a subsequent paper. Fig. 2 shows the slope after some time of river downcutting. Near the foot it has been steepened, and some scars of small landslides are visible. Fig. 3 shows the evolution of the average surface height, taken relatively to the slope foot. First it rises due to the downcutting of the river; after approx. 6000 years, the quasi stationary state that is part of the SOC concept has been achieved. In this state, there is a long term equilibrium between downcutting and landsliding. Fig. 4 is a snapshot t = 7950 yrs taken from this state; scars of landslides of various sizes can be seen. Fig. 5 shows the surface immediately after a large event.
Fig . 6 shows the cumulative frequency magnitude relation of the events in the quasi stationary state, i. e., the number of landslides larger than a given size (affected area) per time and total area considered. In order to test the convergence of the discretization, the second curve shows the distribution for a coarser grid (32 × 32 instead of 64 × 64 nodes). The distribution is not strongly affected by this, so that grid effects may be neglected.
Over three orders of magnitude in area, the distribution follows a power law as required for SOC. The straight line shows the best fit power law, fitted to the non-cumulative distribution with logarithmic bin widths in order to avoid statistical bias. With respect to the spatial structure of the random impact r, landslides smaller than 256 m 2 (4 nodes) have been discarded; the few large events above 50, 000 m 2 do not affect the exponent significantly. In coincidence with the landslide mapping studies of Fuyii [1969] and Hovius et al. [1997] , who obtained exponents of 0.96 resp. 1.16, our numerical example yields an exponent of 1.10. The fact that our absolute sliding frequencies are by a factor 5-10 higher than those of Hovius et al. [1997] should not be overinterpreted before detailled parameter studies have been performed.
In order to proof that the quasi stationary state is critical according to the SOC concept, the temporal scaling behaviour has to be analyzed, too. In analogy to other systems like sandpiles or solar flares [Bak, 1996] the output of the system (i. e., the sediment yield per time into the river) may be expected to have 1/f characteristics rather than quantities like the average surface height (Fig. 3) . Integrating equation (2) over the whole area and applying the theorem of Gauss shows that the sediment yield is closely related to the time derivative of the average surface height; application of a Fourier transformation leads to the power spectrum shown in Fig. 7 . Over two orders of magnitude, the spectrum roughly behaves like f −1.25 , a behaviour that is in general accepted as a 1/f noise. 
Conclusions
If appropriate driving forces are introduced, our landslide model shows proper SOC behaviour. The spatial scaling properties of the landslides coincide with those obtained from landslide mapping. Thus, our results suggest that landsliding in combination with its driving processes may be considered as a SOC phenomenon.
Moreover, our results show that SOC is not a fashion of cellular automata models, but can also occur in partial differential equation models.
